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Abstract 
Resource recovery, preferably as high value products, is becoming an integral part of 
modern wastewater treatment, with conversion to heterotrophic or 
phototrophic/photosynthetic microbes a key option to minimise dissipation, and maximise 
recovery. This study compares the treatment capacities of purple phototrophic bacteria 
(PPB) and microalgae of five agri-industrial wastewaters (pork, poultry, red meat, dairy and 
sugar) to recover carbon, nitrogen, and phosphorous as a microbial product. The mediators 
have different advantages, with PPB offering moderate removals (up to 74% COD, 80% 
NH4-N, 55% PO4-P) but higher yields (>0.75gCODremoved gCODadded
-1) and a more consistent, 
PPB dominated (>50%) product, with a higher crude protein product (>0.6gCP gVSS -1). The 
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microalgae tests achieved a better removal outcome (up to 91%COD, 91% NH4-N, 73%PO4-
P), but with poorer quality product, and <30% abundance as algae.  
Keywords: purple phototrophic bacteria; nutrient recovery; single cell protein; agri-industrial; 
wastewater 
 
1 Introduction 
The combination of inefficient fertiliser use, increasing world population, limited agricultural 
land, soil erosion and climate change have led to protein scarcity, leaving more than a billion 
people undernourished, and limited diversity in available protein sources (FAO, 2009). Low 
uptake of fertiliser-nitrogen by protein crops and inherent nutrient losses in the upcycling of 
plant protein to animal protein have caused a revival in the century old concept of microbial 
protein production. This concept, also called single cell protein (SCP) production, has 
advantages such as rapid small footprint production, a wide range of inputs that can be 
converted into SCP, a high protein content product, and high efficiency of conversion of 
substrate into SCP (up to 100%) (Matassa et al. 2015). SCP production can also be 
independent of climate, weather, soil characteristics and available land. In essence, SCP 
production has the potential to close the protein gap, achieving the ambitious goal of 
sustainable food production in the Nutrients-Energy-Water-Environment nexus (Verstraete et 
al., 2016). 
SCP is commercially available, mainly from heterotrophic bacteria and algae, and is already 
being used as an animal feed in mainly aquaculture (Becker, 2007). However, the production 
costs of SCP will need to decrease to compete with agricultural alternatives (Ugalde & 
Castrillo, 2002). One main cost input is the carbon substrate. In this context, industrial 
wastewater could be of interest as a substrate for SCP production, because carbon, 
nutrients and water currently have a negative value in wastewater. At the same time, SCP 
production can treat wastewater to meet environmental objectives. The combination of SCP 
production and wastewater treatment can balance capital and operational costs of 
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wastewater treatment plant, with profit from the SCP production. In this way, organic matter, 
nitrogen and phosphorous in wastewater are upcycled via assimilative partitioning, rather 
than being lost by dissipation as CO2, N2 and metal bound P precipitates as in conventional 
wastewater treatment (Batstone et al., 2015). Furthermore, expensive disposal of solid 
residues (sludge) can be minimized by diversion of carbon and nutrients into SCP. However, 
this depends heavily on the wastewater source and local legislation. Regulations vary 
substantially for direct use of wastes to food (human), feed (animals) and food/feed additives 
internationally or even regionally. However, it is generally prohibited to a) introduce animal 
by-products derived from animals not fit for human consumption into the food chain or b) to 
feed an animal species with proteins derived from the bodies, or parts of bodies, of the same 
species (EU 2002). Cross-animal species transfer is possible, but regulated and subject to 
practical human and animal health considerations, while plant waste to animal consumption 
is less regulated, and widely practiced. Human effluent to animal production is either 
prohibited, or practically/commercially not feasible. Of particular interest is the reality that 
many agro-industrial waste streams, e.g. slaughterhouses (pig, poultry, cattle), are already 
being used as viable sources of protein meal (e.g. meat and bone meal, blood meal, poultry 
by-product meal, fish meal). There is a high global demand in the livestock feed, pet food 
and especially fish feed sectors (Sun et al., 2016). 
Purple phototrophic bacteria (PPB) and microalgae are two promising SCP mediators. 
Microalgae can readily produce protein-rich feed additives for humans as well as animals 
(cattle, sheep, swine, poultry and fish), and food safety has been assessed in several 
nutritional, digestive and toxicological studies (Becker, 2004). Thousands of tons of algae 
are already being produced every year. Studies on algae cultivation systems (primarily open 
ponds) treating industrial and domestic wastewaters are widespread (Cai et al., 2013), 
whereby microalgae are frequently used for secondary or tertiary wastewater treatment. 
Although some microalgae species can grow photoheterotrophically, most are 
photoautotrophs and synthesise organic carbon from inorganic nutrients rather than by 
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utilising wastewater-derived organic matter (Larsdotter, 2006). In organically loaded ponds, 
up to 50% of the carbon utilised by algae is provided by heterotrophic bacteria that 
symbiotically utilise the oxygen produced by the algae (Borowitzka, 1998). This was 
confirmed in larger scale experiments treating swine slurry, where algae is able to remove 
nitrogen and phosphorous with CO2 addition (Taiganides, 1992). The algal biomass in such 
cases have been used as SCP to grow zooplankton and then to feed crustaceans (Sevrin-
Reyssac, 1998). Performance is commonly adversely affected by contamination, culture 
crashes and overall low productivities, with a key example documented in a 10 year, 
comprehensive study in Singapore (Taiganides, 1992). When treating wastewater, the 
culture in open ponds is usually comprised of a mixture of algae, bacteria, zooplankton and 
detritus, referred to as “ALBAZOD” (Maazouzi et al., 2008). In this case, the consortium 
simultaneously removes COD, nitrogen (N) and phosphorus (P), and is capable of achieving 
efficient removal at >90% (Godos et al., 2009).  
For PPB, photoheterotrophic growth can be exploited with high COD:N:P uptake ratios 
(Hülsen et al., 2014) and very high yields, due to the energy utilisation from infra-red light 
rather than from organic matter (Suhaimi et al. 1987). Research to date with PPB has 
predominantly focussed on COD removal from synthetic wastewaters (Nagadomi et al., 
2000), sterilised wastewater (e.g. Kim et al., 2004), diluted wastewaters (e.g. Suwan et al., 
2014), and very limited real wastewater studies (Prachanurak et al., 2014). Although, most of 
these studies have reported encouragingly high yields and high protein content of PPB 
biomass, the removal of N and P coupled with the microbial composition and properties of 
the SCP product has not been detailed.  
Overall, in studies to date there has been minimal focus on organic matter, N and P removal 
from industrial wastewaters coupled with SCP recovery. These aspects are very important 
with real wastewater applications, with performance likely to vary between different 
wastewaters. Wastewater, even from the same industries can vary significantly in terms of 
composition and strength. Differences include COD fractionation between soluble and 
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particulate, and differences in biodegradability and bioavailability of nutrients, e.g. proteins. 
Separate evaluation of potential toxicity and degradability is therefore required to establish 
treatment capacity. 
In the present study, we compare the applicability of mixed cultures of PPB and algae as a 
single treatment step for a range of real agri-industrial wastewaters from red meat 
processing, dairy and poultry processing, pork production and a sugar mill, through batch 
growth tests. The comparison considers a) the combination of non-destructive simultaneous 
assimilation of COD, N and P and b) SCP yield and composition. The findings are used to 
evaluate the potential for SCP production in primary industries, with a view on the emerging 
Nutrients-Energy-Water-Environment nexus.   
 
2 Materials and methods 
2.1 Wastewater Sources 
The wastewaters for the batch tests were provided by five different primary industry sectors 
in Australia, namely pork production (Western Australia), poultry processing (Queensland), 
dairy processing (Tasmania), sugar milling (Queensland) and red meat processing (New 
South Wales). Wastewater from the poultry processing plant was supernatant from a primary 
dissolved air floatation (DAF) unit (without added flocculants). Dairy wastewater was 
collected from a final irrigation effluent storage tank after solids removal in a trafficable solids 
trap. The pork production wastewater was the filtrate from a Z-filter treating pig manure 
slurry (Payne, 2014). Sugar mill wastewater was collected from two mills both utilising sugar 
cane as raw material. Wastewater from mill A was collected from the injection tower and two 
vents (2 and 3) of a multi-effect evaporator, whereas wastewater from mill B was a mixture 
of mud mill-, condensate-, caustic- and pit wastewater. Supernatant, collected after a poor 
performing DAF unit was used as red meat (cattle) wastewater sample and two batch tests 
were carried out with a) filtered DAF influent (0.2 mm with sieve, Endecotts, London, 
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England) to remove particulate fat granules and b) with non-filtered DAF influent. The 
process schemes of the different agri-industrial facilities are shown in the supplementary 
materials (SM). All wastewaters except the pork flush filtrate were transported and delivered 
on ice. The pork flush wastewater was pre-frozen and transported frozen on dry ice. All the 
samples when received was immediately placed in a freezer (-20°C). The physico-chemical 
composition of each wastewater was measured by analytical methods in Section 2.4.  
2.2 Inoculum 
2.2.1 Purple phototrophic bacteria  
PPBs were directly enriched from domestic wastewater as described elsewhere (Hülsen et 
al., 2014). Following the enrichment, the PPB cultures were incubated under anaerobic 
conditions and exposed to light at 30±1ºC in 10 L Schott bottles. Each bottle was 
continuously stirred at 200 rpm (RCT basic, Kika Labortechnik) and illuminated with a 150W 
fluorescence lamp (Nelson Clamp Flood Light). The illumination intensity was 50 Wm-2 on 
the outside of the bottle and each bottle was covered with UV-VIS absorbing foil (ND 1.2 
299, Transformation Tubes). The bottles were fed weekly with 90% fresh domestic 
wastewater and 500 mg glacial acetic acid (HAc) as additional substrate. After HAc addition, 
the pH was set to 6.7 using 1M sodium hydroxide.  
For each batch test, the PPB inoculum culture was concentrated to approx. 10 g L-1 by 
centrifuging for 12 min at 3270 x g at 20°C (AllegraTM X-12 centrifuge) in 750 mL beakers. 
The pellet was resuspended in small volumes of supernatant. The concentrated PPB 
inoculum was analysed for physicochemical and microbial composition using the analytical 
methods in Section 2.4.  
2.2.2 Microalgae 
Microalgae was isolated from effluent evaporation ponds at a piggery in South Australia. The 
culture was isolated by serial dilution and streaking onto agar plates. The nutrient source 
used to make the agar plates was autoclaved anaerobically digested piggery effluent and 
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was incorporated into the agar at a 100 times dilution. Once growth was observed on the 
agar plates, the microalgae were transferred to 100 ml serum bottles and cultivated on a 
shaker table. The culture was transferred into small culture flasks and kept there utilising 
BG11 mineral media. The culture comprised of a native Chlorella vulgaris and a 
Scenedesmus species, frequently used for wastewater treatment. For the batch 
experiments, the cultures were transferred into 6x160 mL serum flasks with 110 mL of 
domestic wastewater to adapt. The flasks were open to the atmosphere and were 
illuminated with a full spectrum at 130 Wm-2 using two 150W fluorescence lamp (distance 63 
cm) and were continuously stirred at 100 rpm (Orbital shaker, Edwards Instrument 
Company). As described for the PPB, 90% of new domestic wastewater was inoculated with 
10% microalgae from existing culture every 7 days, in order to maintain the culture in the 
exponential growth phase. Prior to testing, the algae were pre-concentrated as described for 
the PPB and analysed for physicochemical and microbial composition using the analytical 
methods in Section 2.4.  
2.3 Batch growth tests 
Each wastewater tests utilised serum flasks (160 mL) in triplicate for 3 sets as specified in 
Table 1. For the PPB tests, each serum flask was filled with 100 mL wastewater and 
inoculated with 10 % (v/v) of concentrated PPB. The headspace was flushed with N2 for 3 
min before the bottles were sealed with a rubber septum and aluminium crimp seal 
(anaerobic conditions). The PPB flasks were illuminated with two fluorescence lamps with 
UV-VIS absorbing foil at 18±2 W m-2 (see SM) and were continuously shaken at 100 rpm 
and heated to 30°C (Orbital shaker, MaxQ4000, Thermo Scientific, Australia).  
For the microalgae tests, 100 mL wastewater was inoculated with 15% (v/v) concentrated 
microalgae (maximum to prevent excessive wastewater dilution) grown on domestic 
wastewater. The serum flasks were open to atmosphere and shaken at 100 rpm and heated 
to 30°C (Orbital shaker, Edwards Instrument Company). The same lamp was used for 
illumination as with PPB tests, except providing the full spectra at 130 W m-2.  
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The flasks for PPB and microalgae tests were started simultaneously. Table 1 shows the 
incubation conditions for each triplicate test, which lasted for 4 to 5 days. Wastewater 
composition was measured for samples collected 3 times the first day, twice the second day 
and once every day afterwards. The average starting substrate to inoculum ratios (as total 
COD:Total suspended solids or TCOD:TSS) for PPB and microalgae were 3.4(1.5) and 
6.5(3.8) gTCOD gTSS-1, respectively. These differences between algae and PPB batches 
likely resulted from varying TSS contents of the enrichment cultures, generally being lower 
for microalgal biomass. There are presently no recommended values in the literature for 
starting substrate to inoculum ratios (e.g TCOD:TSS or TCOD:TCOD) for PPB or algal 
culture tests, except for a generic guideline of 10-20% v/v for algae (Erkelens et al., 2014). 
For each wastewater test (unless otherwise specified), illuminated and non-illuminated 
controls were performed in parallel with no added inoculum (Table 1). These control tests 
established the impact of any native phototrophic population and native non-phototrophs on 
wastewater treatment performance.  Illuminated controls established the net effect of 
irradiance on the treatment performance without inoculum. 
 
2.4 Analytical methods 
COD was determined according to Standard Methods 5220D with potassium dichromate in 
sulfuric acid (colorimetric) using Merck Spectroquant® COD cell tests (114560, 114540, 
114541 and 114555 AD). Volatile fatty acids (VFA) were analysed after pre-filtering sample 
with a 0.45 µm membrane filter (Millipore, Darmstadt, Germany) followed by gas 
chromatography (Agilent Technologies 7890A GC System, Santa Clara, CA, USA) equipped 
with a flame ionisation detector (GC/FID) and a polar capillary column (DB-FFAP). 
Ammonia-, nitrate- and nitrite nitrogen (NH4-N, NOx-N, NO2-N) and phosphate phosphorus 
(PO4-P) were determined by a Lachat QuickChem800 Flow Injection Analyser (FIA) (Lachat 
Instrument, Milwaukee). NH4-N and PO4-P were also analysed with test kits (Merck, 114752 
and 114848, Darmstadt, Germany) and measured with a Spectroquant® Pharo 300 (Merck, 
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Darmstadt, Germany). Soluble and total Kjeldahl nitrogen (TKN) and total phosphorous (TP) 
were determined using sulfuric acid, potassium sulfate and copper sulfate catalyst in a block 
digester (Lachat BD-46, Hach Company, Loveland, CO, USA) followed by analysis with FIA 
(see above). Dissolved sulfide, sulfate, thiosulfate and sulfite concentrations were measured 
by ion chromatography (IC) using a Dionex ICS-2000 system. The IC was equipped with an 
AG18 Dionex column (Dionex, Sunnyvale, USA). Elemental analysis was performed by 
inductively coupled plasma optical emission spectrometry (ICP-OES) after 10% nitric acid 
digestion (Perkin Elmer with Optima 7300 DV, Waltham, MA, USA). 
Protein analysis was estimated by calculation based on NH4-N and TKN content following 
Eding et al. (2006) and determined separately using the  bicinchoninic acid assay (BCA 
assay) following Walker (1994). Additionally, amino acid contents were externally analysed 
by the Australian Proteome Analysis Facility (Sydney, Australia). For this, samples were 
hydrolysed with 6M HCl at 110°C for 24 hours and then analysed using WaTERS aCCqtAG 
Ultra chemistry on a Waters Acquity UPLC for high sensitivity amino acid analysis. 
Carbohydrates were determined by the sulphuric phenol method (Nielsen, 2010) using D-
glucose as standard. Samples were first diluted with MilliQ water to make up a 2mL solution 
and incubated with 0.05mL 80% (wt/wt) phenol and 5mL concentrated sulfuric acid (Sigma-
aldrich, ) at room temperature for 10 minutes. After cooling to room temperature, the 
absorbance of each measurement at 490 nm was recorded and the quantity of total 
carbohydrates was calculated from the standard curve. Total solids (TS) were determined by 
drying at 105°C for 24 hours. Volatile solids (VS) were determined by subsequently placing 
the TS samples for 2 h in a furnace at 550°C. Total suspended solids (TSS) and Volatile 
suspended solids (VSS) were determined after glass fibre filtration (Whatman, GF/C) of the 
sample, in accordance with standard methods (APHA. 1998). Temperature and pH were 
measured using an Oakton pH 11 Series meter (Vernon Hill, IL, USA). Illuminance (Wm-2) 
and wavelength profile were measured with a UV-VIS & NIR light sensor (stellarnet blue 
wave spectroradiometer, Warsash Scientific, Australia).  
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2.5 Molecular analysis 
Samples for molecular analysis were taken from raw wastewater, inoculums, a single 
sample from the set up batch test (t0), and all three experimental replicates (tf).  Poultry tests 
lacked inoculum and t0 samples. Samples were extracted using FastSpin for Soil Kit (MP-
Biomedicals, Santa Ana, CA, USA) according to manufacturer’s protocol followed by 16S 
Amplicon sequencing by Illumina Miseq Platform as described in Hülsen et al. (2016). Major 
(top 200) contributing operational taxonomic units (OTUs) were grouped according to 
functional groups as shown in the results, for comparative analysis, with phototrophic and 
photosynthetic groups separately represented. Experimental triplicates were averaged. 
2.6 Statistical analysis   
Measurement results for inputs are represented as averages, and variability in inputs are 
expressed as standard deviations in time-series measurements, given as       ), where  
 , is 
the average value for the data Xi, and     is the standard deviation for the data. 
Measurement results for outputs and calculated parameters are represented as average 
values, with uncertainty expressed as uncertainty in the mean value based on a two-tailed t-
test (95% confidence, 5% significance threshold), represented as       , where     is the 
95% confidence interval. 
 
3 Results  
3.1 Wastewater compositions 
Compositions of the various tested wastewaters are presented in Table 2. Pork flush (Z-filter 
supernatant), poultry and dairy processing wastewater were analysed for composition 
without any difficulties.  In contrast, the red meat DAF supernatant contained particulate fat 
granules, which did not readily dissolve at 30°C. This influenced COD measurements and 
led to either over or underestimated results because of particles. To accurately determine 
the COD removal performance over time, the wastewater was therefore filtered to remove 
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particulate fat. The filtered and non-filtered red meat wastewater characteristics are 
presented in Table 2, accordingly. We encountered problems with the sugar mill wastewater, 
where mill A wastewater contained > 7500 mg L-1 Ethanol-COD. Therefore, wastewater 
characteristics of sugar mill A were not included in Table 2. In response, a mixed wastewater 
was sourced from mill B (more accessible than mill A) with characteristics presented in Table 
2.   
3.2 COD, N and P removal from industrial wastewaters 
The treatment performance with PPB and microalgae was assessed for the different 
industrial wastewaters using measured a) SCOD, NH4-N and PO4-P removal efficiencies, 
and b) TCOD and TN removal, to assess the recovery potentials. The performance of the 
PPB and microalgae inoculated batches were compared with the light and dark controls (no 
inoculum).  
Figure 1 shows example COD, NH4-N and PO4-P removal results, in this case for treatment 
of poultry wastewater with PPB and microalgae. Results for the dark and illuminated controls 
are also shown. Exemplary time series results for the pork and red meat wastewaters are 
attached in the supplementary materials.  
In the poultry wastewater test, PPB simultaneously removed soluble organic matter, 
ammonium and phosphate at a SCOD:N:P ratio of about 100:11:1.6. Due to minimal losses 
of total COD, N and P, the removal of soluble components is considered predominantly non-
destructive by assimilation and or accumulation into biomass. The increasing ammonium 
trend in the first 22 hours is likely caused by hydrolysis of proteins, with a subsequent uptake 
and constant decrease of NH4-N until the end of the test.  
The comparison with the dark control identified the importance of the PPB inoculum for the 
treatment process, because SCOD, TCOD and PO4-P in the dark controls remained 
unchanged over time. However, the ammonia in the dark controls increased by around 90 
mgN L-1, corresponding to 80% of the initial particulate TKN. These results indicated protein 
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solubilisation into NH4-N. Additionally, the dark anaerobic control produced VFAs with a final 
VFA-COD content of 623(31) mg L-1 (four times the initial influent VFA-COD), likely due to 
fermentation. When PPBs were present, these fermentation products were assimilated into 
biomass (as observed in the PPB test). In addition to this, the illuminated controls had stable 
TCOD concentrations over time, but reduced SCOD and PO4-P concentrations after a lag 
phase of 47 hours, indicating growth of native PPB present in the wastewaters. The 
illuminated control also mobilised TKN to form NH4-N, but after 47 hours there was a net 
consumption of NH4-N.  
For the algae tests with poultry processing wastewater, a comparison of the inoculated tests 
with the dark and illuminated controls showed similar SCOD and TCOD trends, but 
significant TCOD removal was instead observed, which indicated losses to CO2/H2O via 
oxidation (Figure 1). The microalgae tests showed a net reduction in NH4-N and PO4-P, 
whereas the dark aerobic control mobilised NH4-N (294% increase in NH4-N). The 
illuminated control also mobilised NH4-N, but to a lesser extent than in the dark aerobic 
control.   
Figure 2 (A-F) compares the overall net treatment results across the entire test period, for 
the various wastewaters. Note that a net increase or decrease in TP was likely due to mass 
balance errors during sampling and analysis.  
PPB were able to treat poultry wastewater and filtered red meat processing wastewater most 
efficiently, achieving reasonable SCOD and nutrient removal rates in conjunction (Figure 2), 
and with high conversions of soluble organic matter into particulate organic matter (yields 
>0.75 gCODproduced gCODremoved). Comparison with control tests further highlighted effective 
removal, as anaerobic control tests instead achieved a net negative or zero removal of 
SCOD (Figure 2B), NH4-N and PO4-P (Figure 2D,F). The non-filtered red meat processing 
wastewater that included fat particulates, similarly showed a high ammonium removal with 
PPB, as opposed to an increase in NH4-N concentration with the dark anaerobic control (D). 
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The SCOD removal of the non-filtered red meat wastewater could not be reliably 
determined, due to COD measurement difficulties noted in the Methods above.  
Pork flush and dairy wastewaters were treated with moderate efficiencies by PPB, still 
indicating principal treatability (B,D,F) with overall minimised losses of organic matter and N 
<10% (A,C).  
Sugar mill A wastewater contained >7500 mgCOD L-1 as ethanol, which was toxic for 
microalgae and PPB, further indicated by colour loss (green for algae or purple for PPB) 
within 2 days. The sugar mill B wastewater was poorly treatable by PPB, with minimal 
removal of SCOD, NH4-N or PO4-P. However, the pH in these tests decreased after 2 days 
of treatment to 4.0 and COD, N and P increased afterwards, indicating hydrolysis and 
fermentation (data not shown). These results do not preclude treatment, but the wastewater 
would likely require prior dilution with other suitable on-site wastewater streams, pH 
correction, or very low volumetric feed rates. 
The microalgae tests performed better at removing SCOD, NH4-N and PO4-P overall 
compared to the PPB tests. The best performance was achieved with poultry wastewater, 
achieving COD, N, and P removals of 91±18%, 91±29% and 73±27%, respectively. The 
presence of algal activity clearly enhanced the removal of NH4-N and PO4-P, as compared to 
the dark controls that gave net negative removal extents for poultry and red meat processing 
wastewaters (Figure 2). SCOD removal extent was similar in the microalgae tests and dark 
aerobic controls, indicating native heterotrophic micro-organisms were oxidising these 
components. The total organic matter and TN removal was higher in all microalgae batch 
tests as compared to the PPB tests, resulting in lower recovery potentials (See discussion 
below). For microalgae, yields achieved for the poultry, dairy and red meat wastewaters 
were equal to or greater than 0.7(0.05) gCODproduced gCODconsumed
-1. Additional performance 
data such as yields, COD:N:P removal ratios and COD removal rates for each of the PPB 
and microalgae tests, are summarised in the supplementary materials.  
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3.3 Biomass characterisation  
The PPB biomass that formed in the tests had a high crude protein (CP) content with 
average of 626±169 mgCP gVSS-1 (based on solid TKN x 6.25 (Eding et al., 2006)) (Figure 
3). These CP contents agree with other literature values for PPB biomass (Ponsano et al., 
2004; Shipman et al., 1975). The protein contents as determined with the BCA assay varied 
on average  2.1(20)%, with a high standard deviation (in line with Ras et al. (2008)) likely 
resulting from glucose and reduced sugars (Raunkjær et al., 1994). The high yields and 
protein contents reflect the non-destructive assimilation of organic matter and N noted 
above. Based on an average MJ kg-1 of protein (solid TKN based), fats and carbohydrates of 
16.7, 37.7 and 16.7 MJ kg-1, respectively, the caloric value of the PPB biomass was on 
average 22(3.0) MJ kg-1 VSS. This energy content is higher than in conventional protein 
meals (e.g. meat and bone meal 9.4-13.9 MJ kg-1 (Batterham et al., 1980)).  
The algal biomass for poultry and red meat wastewater was >650 mgCP gVSS-1 (TKN 
basis), whereas protein contents for the dairy and sugar wastewater tests were 370 and 140 
mgCP gVSS-1, respectively.  BCA assay results were slightly different compared to the CP 
estimated by the TKN method, but still confirmed the generally high protein contents. The 
exception was the dairy wastewater test, for which BCA protein of 440 mg gVSS-1 was 
actually higher than the TKN based estimate. A very high protein content for the pork flush 
tests with microalgae (1.0 gCP gVSS-1) was believed to be more reflective of background 
protein already present in the wastewater and not of actual biomass formed, because 
biomass yield in these tests was noted to be negligible (see SM). The BCA protein content 
for the pork flush was measured at 720 mg gVSS-1, but was considered inconclusive in light 
of a conflicting TKN based estimate. As described before, the sugar tests with PPB and 
microalgae were compromised by low pH, which likely affected the final measurements. As 
such, the CP content of both PPB and algae test were lower compared to that in the other 
tests. Although, biomass growth was observed during the first two days, cell hydrolysis and 
COD release was observed afterwards.     
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The amino acid compositions of the PPB biomass from poultry and red meat processing 
wastewater were similar to soybean meal (SM) (except for glutamic acid which was much 
higher in SM), but were deficient in all amino acids except phenylalanine (Phe) compared to 
fishmeal (FM) (Figure 4). For microalgae biomass, the amino acid profiles were overall 
comparable to that of PPB biomass and showed similar potential for substituting commercial 
protein meals.  
3.4 Microbial analysis 
The results of microbial analysis (inoculum, and at the end of the batch test) are shown in 
Figure 5 (see also SM). This is aggregated data formed from the OTU data tables (linked to 
underlying data). All final results are triplicates, with minimal variation between the replicates 
(averages are shown). Supplementary material contains all information, including that of 
dark controls. In general, all dark controls had non-phototrophs/photosynths only, with a 
substantially different non-phototroph population to the experiments and t0 community. This 
indicates that residual DNA had a limited impact on final measurements. 
The information in Fig. 5 demonstrates:- 
(a) Minimal shift in overall phototroph population under illuminated conditions and limited 
change in phototroph/other balance (except sugar). 
(b) A substantial population of PPB in white light tests, probably due to the high levels of 
degradable organic matter. 
(c) IR illuminated systems dominated by PPB, white light systems algae and 
cyanobacteria significant but lower fraction of total population. 
(d) Substantial loss of phototrophs and photosynths for sugar wastewater. 
Cyanobacteria only emerged as a significant fraction in the dairy wastewater, probably due 
to the longer incubation time (four weeks), with unclassified chlorophyte emerging 
consistently in all three replicates. Leptolyngba was present in the sugar algae inoculum 
(conducted much later than the other tests), but virtually disappeared during the test. 
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All inoculum were dominated by either PPB or algae, whilst the wastewater samples were 
free of algae and contained only small amounts of PPB (<0.1%). The tests therefore 
represent a maintenance of PPB levels, with bacterial communities in the algae tests shifting 
towards heterotrophic oxidisers including Pseuodomonas, Acientobacter and Comamonas, 
and PPB tests shifting towards anaerobic organisms, including Bacteroidetes, 
Proteobacteria and Firmicutes, all of which are common representatives in anaerobic 
digesters (Wang et al., 2014). The abundance of Bacteroidales was attenuated in PPB tests 
compared with dark controls, possibly due to its engagement in fermentation over oxidation. 
There was minimal archaea present, mainly in the raw wastewater samples. 
The microbial analysis of the initial and final samples collected from PPB tests, showed a 
prevailing dominance of PPB throughout the tests (>43%, Figure 5), except for the sugar 
batch tests which acidified towards the end of the test as discussed above. PPB groups 
were mainly comprised of Rhodopseudomonas, Rhodobacter, Allochromatium and to a 
lesser extent Blastochloris. The involvement of Bacteroidales seemed intensified when PPBs 
were present. That is, although, the dark controls developed some Bacteroidales (15%), the 
overall community was more diverse, whereas the illuminated control developed 
Rhodopseudomonas (34%) and Rhodobacter (32%) with a dominant flanking community of 
Bacteriodales. The amoeba Heterolobosea Tetramitia was detected in high abundance 
(44%) in the poultry tests. Another protozoa, Intramacronucleata Conthreep was detected in 
marginal abundance at the end of the dairy wastewater tests (7%), suggesting that grazing 
on the algal biomass was likely (Ntougias et al. 2011). Additionally, yeast was detected in 
the final sugar tests and wastewater (together with large amounts of Lactobacillus). 
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4 Discussion 
4.1 PPB and microalgae for agri-industrial wastewater treatment 
Experiments tested the applicability of mixed cultures containing PPBs or microalgae for 
treatment of various agri-industrial wastewaters. It is desirable to conserve TCOD and TN 
via non-destructive assimilation of SCOD, NH4-N and PO4-P into biomass. However, 
bioavailability of nutrients and COD are important. In this regard, a mixed microbial 
community could be beneficial, with chemoheterotrophs mobilising nutrients and COD to be 
taken up by photoautotrophs.  
With respect to treatability using PPB, the major factor is bioavailability of COD, with a 
preference for VFA-COD. However, the pork flush wastewater had a large proportion of 
bioavailable COD, with 79% of the initial wastewater SCOD being VFAs, yet only 50% of the 
VFA-COD/SCOD was removed during treatment (Figure 2). This low assimilation may have 
been caused by high loading rates (~4 gVFA- COD gVSS-1) and/or NH4-N toxicity 
(unpublished results showed 45% inhibition at 450 mgNH4-N L
-1 for PPB). In contrast, the 
poultry processing wastewater had a relatively low initial SCOD/VFA-COD fraction of only 
21%, but showed the best treatment performance. However, the poultry dark control 
produced up to 640 mgVFA-COD L-1, indicating in-situ VFA-COD generation e.g. by 
acidogenic fermentation. These VFAs would generally be available for PPB to assimilate, 
explaining high nutrient removal in the inoculated test. In red meat processing (filtered) as 
much as 528 mg L-1 of the initial 550 mg VFA-COD L-1 was consumed by PPBs. A 
syntrophic community may be important where acidogens produce VFAs taken up by PPB 
with light as the energy source. The contribution of PPBs is clearly seen from the 
substantially higher removal extents by the PPB tests as compared to the anaerobic dark 
controls (Figure 2). 
With respect to microbial community composition, good treatability (high SCOD, NH4-N and 
PO4-P removal) appeared to correspond with the presence of Rhodopseudomonas and 
especially Rhodobacter, whereby the latter assimilates VFAs faster at lower affinities 
  
18 
 
compared to Rhodopseuodomonas (Novak et al., 2004). The combination of 
Rhodopseudomonas and either Allochromatium (see end poultry) or Blastochloris (see end 
red meat) with Rhodobacter seemed to also be beneficial for treatment. The shift in bacterial 
groups and particularly attenuation of Bacteriodiotes, indicates a shift towards hydrolysers 
(or PPB predators) compared with dark controls, with many Bacteriodiotes sp. being 
important in protein and amino acid hydrolysis. PPB have limited capacity to utilise amino 
acids whereas sugars, VFAs and alcohols can be readily metabolised (Hassan et al., 1996). 
Future research should further explore the role of the non-phototrophic bacterial community 
as syntrophs or predators and potential impacts on treatability of wastewaters by PPB.  
Similar to the PPB tests, poultry and red meat processing wastewaters were treated most 
efficiently by microalgae. Although the algae did not seem to be the main COD consumer, 
algae still produced oxygen which led to COD removal. SCOD removals were similar in the 
micro-algae tests and the dark aerobic controls, indicating heterotrophic activity of a native 
wastewater community rather than photoheterotrophic microalgae (Figure 2). This is 
confirmed by a final relative abundance of microalgae below <15% (except for the dairy 
tests) and a diverse flanking community of aerobic bacteria and amoeba, likely grazing on 
the microalgae (Ma et al., 2016). The presence of grazers such as Heterolobosea is likely to 
increase the selection pressure and grazer-induced colony formation as reported for 
Scenedesmus (Lürling & Beekman, 1999), leaving single cells  of Chlorella vulnerable for 
predation. This could have caused the shift from Chlorella spp. to Scenedesmus spp. within 
the inoculum over time (Section 3.4). The mixed community is commonly referred to as 
ALBAZOD (ALgae, BActeria, ZOoplankton and Detritus) and is frequently reported in COD-
rich algal ponds (Maazouzi et al., 2008). All the wastewaters (except pork flush) were treated 
effectively with ALBAZOD, actually outperforming the PPB tests in terms of SCOD, NH4-N 
and PO4-P removal (Figure 2). On the pork-flush wastewater, high NH4-N concentration 
likely caused no observed yield in the microalgae tests (toxicity literature values vary from 
100 – 400 mg L- 1 for non-adapted algae (Buchanan et al., 2013)). Photoautotrophic nutrient 
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uptake would most likely be enhanced by CO2 from heterotrophic metabolism. In support, 
the poultry test biomass yields (0.7 gCOD gCOD-1) corresponded well with a TCOD loss of 
around 30%, but were not aligned with typical yields of heterotrophs, which is generally 
lower due to respiration (Tchobanoglous et al., 2003). The involvement of microalgae and 
photosynthetic use of electrons from water for organics synthesis could have minimised 
TCOD losses. In conjunction with CO2 uptake, macronutrients could have assimilated, 
leading to effective N and soluble P removal. The observed TN losses between 20% and 
50% (Figure 2) were likely the result of abiotic NH4-N removal via volatilisation, which is 
common for open algal systems (García et al., 2000).  
4.2 Significance for primary industries  
As previously reported for domestic wastewater (Hülsen et al., 2014), PPB can selectively 
and reproducibly be enriched, also from industrial wastewaters in a 2-3 d period, making 
inoculation to start-up mostly unnecessary. However, for microalgae, the present study and 
other literature (Erkelens et al., 2014) reports a low abundance of microalgae species in 
wastewaters, and instead a dominance by flanking bacterial communities. With respect to 
energy consumption, the illumination intensity for the PPB tests has been reduced compared 
to our previous studies on domestic wastewater (from 50 Wm-2 and 18m2 m-3 to 20Wm-2 
assuming the same illuminated surface) and is now well in line with reported low light 
intensities (Suwan et al., 2014). This reduces operational costs of a potential full-scale 
installation, especially when compared with closed photobioreactors for algal growth 
(Jorquera et al., 2010). However, efficiency losses for larger-scale installations are yet to be 
determined.  
With respect to biomass production, high yields were achieved, and the PPB biomass has 
higher crude protein and energy content than conventional rendering products (Section 3.3). 
The amino acid composition when grown on different agri-industrial wastewaters, suggested 
that PPB could substitute for existing meals such as poultry, poultry by-product, rendered 
meat, soybean and fishmeal or maybe even food for humans (depending on the wastewater 
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source, e.g. sugar wastewater). A reduced light energy input of around 0.36 kW m-3 treated 
wastewater (20Wm-2 at 18 m
2 m-3) in combination with a high yield (80% biomass-COD yield) 
and high CP content (65% CP), could balance capital and harvesting costs, provided that 
biomass value exceeds $300 tonne-1. A value proposition comparable to soybean and 
poultry by-product meals (370 and 550 USD tonne-1, prices at 09-2016) could achieve this, 
and PPB biomass could even be targeted at supplementing a part of fishmeal in 
conventional aquaculture feeds (>1400-1800 USD tonne-1 in 2009 (Asche et al., 2013)). Due 
to the unsustainable way in which fishmeal is currently produced and high associated price, 
substitution with PPB could be of particular interest.  
A life cycle analysis generally indicates that algae in closed photobioreactors would be cost-
prohibitive, unless high-value products are produced in sterile medium with axenic cultures 
(Resurreccion et al., 2012). Although areal productivity is high and predation and culture 
control is being increasingly achieved (Taiganides, 1992), product inhibition and cooling 
requirements lead to high overall operational costs (Posten et al. 2009). Regardless, where 
space, sunlight and temperature are not limiting, open raceway ponds or high rate algal 
ponds are still viable options. The present study showed that a mixed ALBAZOD community 
is responsible for very effective COD and nutrient removal (Figure 2). Although some carbon 
and nitrogen was lost, high yields were still achievable, mainly due to the established 
syntrophy between algae and aerobic heterotrophs. Predation has to be managed to prevent 
community and performance loss. The ALBAZOD also has potential value due to high CP 
and energy content (Figure 3). The amino acid profile for the ALBAZOD communities in this 
study (Section 3.3) was similar to that of PPB, showing similar potential for feed substitution. 
In fact, algae is already readily applied as feed additive in many agricultural sectors as well 
as in pet food (Buchanan et al., 2013).  
Both mediators, PPB and microalgae show potential for future wastewater treatment, for the 
upgrading and recycling of nutrient resources in the Nutrients-Energy-Water-Environment 
nexus. To incorporate an open algal pond system into a common treatment configuration, 
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the best positioning is likely to be post-treatment of anaerobic effluent. This would maximise 
energy and heat recovery from biogas by the upstream treatment, whilst upgrading residual 
COD and nutrients into protein rich biomass. In contrast, the PPB concept might represent a 
standalone technology, substituting the entire conventional treatment train, including 
polishing. Typical discharge limits for surface water discharge (TCOD <100, TN<10 and 
TP<1.0 mg L-1) were not achieved, but irrigation water standards, following the short term 
trigger values of 25-125 mgN L-1 and 0.8-12 mgP L-1 as specified in for Australia and New 
Zealand are met. This depends on local legislation but effluent recycling as irrigation water 
would allow for a one-step treatment step. Further research needs to clarify performance in 
continuous larger scale systems, also assessing aspects such as population stability and the 
long-term treatment performance. Research should also tailor the composition and 
nutritional value of the SCP biomass for targeted feed applications.  
5 Conclusions 
PPBs are efficient, dominant mediators for organic and nutrient removal from poultry, red 
meat, pork, and to a lesser extent, dairy and sugar wastewater. Microalgae as the main a 
mediator for primary wastewater treatment was less efficient, mainly due to low relative 
abundances and a mixed consortium (ALBAZOD). The comparison of PPB and microalgae 
showed that both offer a potential for energy and nutrients recycling in the Nutrients-Energy-
Water-Environment nexus, with PPB offering the ability to produce a more consistent 
product higher in phototrophic material, and algae offering better treatment outcomes albeit 
with a substantially higher light energy input.   
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Figure 1: TCOD (●), SCOD (■), NH4-N (◆) and PO4-P (▲) removal treating poultry 
processing wastewater with PPB (purple, solid lines) and corresponding dark control (purple, 
dotted lines) and illuminated control (purple, hatched with open symbols) as well as the 
algae treatment (green, solid lines) with the corresponding dark control (green, dotted lines) 
and illuminated control (green, hatched with open symbols) whereby; TCOD (●), SCOD (■), 
NH4-N (◆) and PO4-P (▲). 
Figure 2: Removal efficiencies of PPB (purple) and algae (green) treating dairy, poultry, 
pork, and red meat and the dark control without biomass (hatched). Error bars represent 
95% conﬁdence regions. 
Figure 3: Yields (blank), protein (TKN based; dotted), fat (hatched) and carbohydrate (solid) 
content of the PPB (purple) and microalgae (green) biomass as well as protein (BCA assay, 
checked). Error bars represent 95% confidence intervals.  
Figure 4: Essential amino acids compositions in PPB (purple) and microalgae (green) grown 
on red meat (solid) and poultry (dotted) processing wastewater, being compared to amino 
acid compositions in fishmeal (solid, black), soybeans (solid, blue) (FAO, 1970) and aerobic 
(light brown) and anaerobic (dark brown) sludge from domestic wastewater treatment 
(Ogilvie, 1998). a)contains arginine and glutamic acid b)contains isoleucine, glycine and 
proline c) contains methionine, cytosine and aspartic acid. Calculations based on amino acid 
residue mass in protein (molecular weight minus H2O). 
Figure 5: Relative abundance of different microbial groups for the wastewater tests with PPB 
and microalgae (Algae) inoculum at the start (t=0) (except poultry) and the end of each. 
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Table 1: Summary of batch culture test conditions. 
Medium and biomass type Illumination Aerobic* Anaerobic 
Wastewater + PPB + - + 
Wastewater control  + - + 
Wastewater control  - - + 
Wastewater + Algae + + - 
Wastewater control + + - 
Wastewater control  - + - 
*Aerobic means open-to-atmosphere. Anaerobic means sealed with pre-sparged gas 
headspace using high-purity nitrogen. 
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Table 2: Characteristics of pork, poultry, dairy, red meat and sugar processing wastewaters. 
Results are given in mg L-1 except pH or as specified otherwise. The standard deviation was 
<5%, except for TCOD of the non-filtered red meat wastewater which was 28%. 
 Pork- 
Z-Filter  
Poultry Dairy Red meat 
(filtered) 
Red meat 
(non-
filtered) 
Sugar mill 
B mix  
Total COD (TCOD) 4014 1863 1452 2660 
 
5906 3547 
Soluble COD (SCOD) 3534 981 721 1900  1777  3527 
VFA-COD + Ethanol-COD 2789 208  547  551 
 
674 334 
NH4-N 405 26 91 50 
 
61 
 c)
121 
PO4-P 15 24 24 25.5 
 
19.2 
 c)
51 
TKN 547 149 154 194 
 
241 
 c)
127 
TP 90 26 31 25.4 
 
26.5 
 c)
50.4 
COD:TN  
(100gCOD gTN
-1
)
a
 
13.6 8.0 10.6 7.3 4.1 3.6 
COD:TP  
(100gCOD gTP
-1
)
b
 
2.2 1.4 1.8 1.0 0.4 1.4 
TSS  1647 535 515 0.4  
 
2.0  300 
VSS 1267 512 513 0.2 
 
1.9  220 
pH 7.6 6.6 7.0 6.2 6.2 6.4 
a) 
desired is around 9.0, 
b) 
desired is around 2.0 (Hülsen et al. 2014), 
c)
 NH4-N and PO4-P was added 
as NH4Cl and KH2PO4, NO3-N and NO2-N were <1.0 mg L
-1
. 
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Highlights 
- Purple phototrophic bacteria and microalgae can treat agri-industrial wastewaters 
- PPB are main mediator but microalgae cannot dominate in organic rich wastewaters  
- Aerobic and anaerobic biomass contain up to 60% crude protein 
 
 
